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Abstract - A technique is described for uéing microwvave
radiometric measurements to estimate variations in atmospheric
electrical path length. Results of numericai‘experiments
indicate that the zenith electrical path length can be inferred
with an accuracy of 1 or 2 cm by.using this technique.
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 One problem encountered ‘in any experlment requlrlnv coherent reception

of radlo waves at separated statlons is the determlnatlon of the electrical
-path length changes caused by the atmosphere.
such a problem arises wheﬁ long-baseline interferometers are used to observe

~small radio sources, and phase preservation is desired. From ground-level

measurements of temperature, pressure, and relative humidity at each of the
receiving stations, the variations in atmospheric electrical path length

can be estimated, A more accurate method for inferring these path-length

variations incorporates measurements by passive microwave radiometers of
atmospheric thermal emission near the 22,235 GHz resonance line of water

vapor and the 60 GHz resonance band of oxygen. The radiometers would have

narrow-beam antennas poiﬁtéd aloﬁg each ray péth for which fhe atmospheric

path length is to be estimated. The dlectrical path length increase can be

estimated from the radiometric measurements and the surface meteorological

quantities as described below,

The incresse in electrical path length caused by the atmosphere is
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For example, in radio astronomy



wvhere n is the index of refraction, and L is the path of the electrical signal.
The index of refraction of the atmosphere may be related to meteorological

' . . 2
quantities. For frequencies below approximately 30 GHz, the relations is
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(ne1) = LTEXIOT (p 48k 100 ), (2)

where T is temperature (°K), P is total pressure (mb), and e is partial
pressure of water vapor (mb). -

The vapiability in the electrical path length is dominated by the
variability.in water vapor content of the atmosphere, although the average
value»isrdetermined mainly By’the dry—air conﬁribution}v Bepause surface
. humidity is not well correlated with fhﬁmidi_ty. at_higher altitudes and AL.1s__ .
given by-an integral over the radio signal path, surface measurements of
météorological'éuantities do not permit an acéuréteves%imate; The sky-
brightness temperature near l-cm waﬁelength, however, is more>highly |
correlated with atmospheric path length. The brightness temperature depends
upon meteorological conditions along the prOpagatiop path and may be determined
theoretically by integration of the radiative transfer-equation
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where TB(?/) is brightness temperature at fféquéncyz/, (L) is atmospheric
temperature at positionlﬂ‘on path L, and k;,(Q_) is the atmospheric absorption
coefficient at frequency  and position . on path L.

In princéiple, Eq. (3) may bé inverted to yield metéorological information
from measurements of miﬁrqwave brightness temperature, The data-inversion |
technique used here for inferring atmospheric electricél path lergth from
microwave brightness témperé£ure measurements is essentially a m@itidimensional
regression analysis. The estiméte of the atmospheric component of the
electrical éath length, AL%*, is expressed as a linear combination of the
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various data elements,di

A1x = 2y D, 4. - (4)
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The conétants Di are determined by minimizing the expected mean~square
difference between the estimate AL* and the true value AL, and are given

by
e C——_ =1 . : -. | "
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where i:i denotes.expected value, and tdji dij —> is the j;iﬁh element of
the inverse of the matrix &dj-di] .

For our numefical experiments, athosPheric statistics were obtained
from 50 summer andVSO winter United States Weéfher Buréau raaiosonde_records
from Huntington, West Virginia, The summer récords we;e takenVOQer a S5-year
“period (1962-1966) at 12-hour iﬁtervals for the fifst 5 days in August, and
the winter rééofds for the same period in February. Using Egs. (1) ena (2),
we caléulated the atmospheric path length increase for each of the radiosonde
records fof various elevations angles, B;ightness temperatures were calculated
by using Eq. (3) and the absorption coefficients for water vapor and oxygen
as expressed by Staelinu énd Barrett, et 3&.5, respectively. Refractive
bending attributable to the atmospherg was‘included in thg calculatiqns{ but
effects of clouds were not, The constants D; were then computed from Eq. (5), -
by using as data elements the ensemble of surface meteorolbgiéal quantities
and computed brightness témperatures. A conéﬁant df unity was also ﬁsed as‘
a data element to bias the estiméte of AL towérd its mean value, DNext,
Gaussian noise of rms value:

'2% for surface relativé humidity

g 0.1% for surface temperature

1 mb for surface pressure



O.2OK for brightﬁess temperatures |
vas added to the simulated data, and AL¥ calculated from Eq. (h). The
inferred value, AL¥%, was then compared with the Cbmputed true value, A,
for each of the 100 radison&e records, and the rms error in A L¥* was determined.

Results of the numerical>experiments are shown in Table 1 for summer and
wvinter caéés. The rms error in the estimated value of the_zenifh eléctrical
path length is given for-3 estimation scheﬁes using: (i)Asurfabe meteorclogical
data alone; (ii) surface meteérological data plus brightness temperatures at’
two frequencies near the 22,2 GHz water vapor resonance; and (iii) surface
,meteorologicai data plus brightness temperatures'at two frgquencies near the
22;2 GHz water-vapof resonance énd at>tﬁo fréquenéieé‘neér,the 60 GHzioxygeh
band, The water;vapor information is principally résponsible for the
indicated improvement, and the:oxygen measurements refine the results by
_providing information about the atmospheric temperature profile, The
calculations show that approximate rms erfos for non-zenith directions can
be oﬁtained by multiblying the appropriate entries in Table 1 by the secant
of the zenith angle, for>zenith angles less than 800.,

The results of these calculatiéns indicate that in the absencevofv
clouds the atmospheric contribution to the zenith electrical path length can
be inferred ﬁith an accurécy of 1 br 2 cm from measurements of sky brightnes$
temperéturerat 2 frequenoies near the"water—vapqr resonance, and surfgce 7'
measurements of méteorological quantities. " Better accuracy éan be obtained

by including microwave radiometric measurements near the O, band. For summer,

2
~this is approximately a factor of 3 better than could be done from a priori
statistical information alone and a factor of 2.5 better than could be

obtained by measuring only surface meteorological quantitieé. Preliminary

calculations indicate that typical clouds will add approximately 0.5 cm to



the expected rms errof in inferring zenith electrical path length increase

from multifreguency radiometric data,
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TABLE 1, Results of estimating atmospheric

zenith electrical path length.

Measurements for the estimation
of path length

RIS errors in es
Tength (cw) -

timated. path

[
[

Sumner

Winter

A priori standard deviation in zenith

electrical path (no measurements)

Surface meteorological data:

temperature, pressure, relative humidity

Surface meteorological data plus
brightness temperatures at 22 and
2L GHz

Surface meteorological data plus
- brightness temperatures at 22, 2&;
52.65, 53.60 GHz

L,k

2.2

3.7

2.0

1.k

1.0.

1.1

0.8
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